With continuous increase in the resolution of operational numerical weather prediction models, grid-scale saturation schemes that model cloud microphysics are becoming increasingly important. In Parts I and II of this study, the importance of the relative dispersion of the hydrometeor size distribution in bulk microphysics parameterizations was demonstrated and a closure approach for a three-moment scheme was proposed. In this paper, the full three-moment version of the new multimoment scheme is tested in a 3D simulation of a severe hailstorm. The modeled microphysical fields are examined, with particular attention paid to the simulated hail fields including the maximum hail sizes at the ground.
Introduction
Since the initial success of barotropic models in the 1960s, operational numerical weather prediction (NWP) models have improved considerably due to increases in computer power and advanced treatment of physical processes (Bacon et al. 2000) . As model resolution approaches the convective scale, it becomes possible to resolve the strong updrafts of severe convective storms (e.g., Weisman and Klemp 1984) . At horizontal grid spacing on the order of 1-2 km or less, grid-scale condensation schemes, rather than subgrid-scale convective parameterizations, are employed. In cloudresolving models, such condensation schemes continue to play an important role in atmospheric research. Milbrandt and Yau (2005a, hereafter Part I) demonstrated the importance of the spectral dispersion of the hydrometeor size distributions in bulk microphysics schemes. It was shown that ␣, the spectral shape parameter that is a measure of the relative dispersion in a gamma size distribution of diameter of the form
significantly affects the computation of sedimentation and microphysical growth rates. A three-moment closure method was proposed with three independent prognostic parameters. With this approach, Milbrandt and Yau (2005b, hereafter Part II) introduced a multimoment bulk microphysics parameterization consisting of six distinct hydrometeor types, two liquid and four ice phase categories, each represented by a complete gamma size distribution function of the form of (1). The full version of the scheme predicts three moments of the distributions-the mass content, total number concentration, and radar reflectivity-for the five sedimenting categories and two (mass content and number concentration) for cloud droplets. Many of the predictive equations for the number concentrations and mass contents were taken from various two-moment schemes whose descriptions appear in recent articles (see Part II for details and references). These schemes all hold the relative dispersion of each hydrometeor spectrum constant. With the introduction of predictive equations for the reflectivity, the relative dispersion in the Part II scheme varies independently. The new scheme has since been interfaced with a fully compressible, nonhydrostatic mesoscale model. The simulation described in this paper is, to the authors' knowledge, the first cloudresolving model simulation with a three-moment bulk scheme. This paper is the third in a series on the new multimoment microphysics parameterization. Our goal is to test the new scheme in a high-resolution 3D model and to study the effects of predicting three independent moments of the size distributions. Although the simulation of a convective storm is examined, our main focus is not on storm dynamics but on the simulated microphysical fields. Considering the importance of hail in severe convective storms, special attention will be placed on the simulated hail and its maximum sizes. Nevertheless, the conclusions drawn apply to all hydrometeor categories. In Milbrandt and Yau (2006, hereafter Part IV) , the three-moment simulation described here will be treated as the control run. A number of sensitivity experiments, using different versions of the same scheme, will be compared to provide a better understanding of the added benefit of predicting additional moments.
There are two main approaches to explicitly model convection using a cloud-resolving model. The first is to use horizontally homogeneous initial conditions from a single sounding and an initial impulse of temperature, moisture, or momentum to initiate convection at the desired time and location. However, it has been found that even the qualitative results are very sensitive to how the initial perturbation is specified (e.g., McPherson and Droegemeier 1991) . The second approach is to initialize the model with synoptic-scale data and to successively nest the model to higher and higher resolution, ultimately to the convective scale (e.g., Finley et al. 2001) . Inhomogeneities in the initial conditions as well as daytime heating and orographic channeling can produce convergence which triggers convection. Because of the lack of observations at small scales, a simulation using synoptic data for initial conditions cannot be expected to reproduce the actual observed storm. However, if the observational data are sufficiently accurate and the model has enough skill such that the correct mesoscale environment can be reproduced, it should be possible to simulate a storm that is representative of the observed convection. If the gross features of an observed hailstorm-such as the propagation speed and direction, updraft strength, storm size, and reflectivity structure-are sufficiently reproduced in a simulation, it should also be possible to simulate with some skill the hydrometeor fields of the observed storm, provided that the microphysics scheme adequately models the processes that are important for hydrometeor growth. In such a case, the hydrometeor fields can be examined and the usefulness of the microphysics scheme evaluated.
In this study, a mesoscale model, initialized with synoptic data and nested to a 1-km resolution, is used to simulate a real case of a supercell storm. The simulation is validated mainly by comparison with radar observations. As will be shown, the model successfully reproduced the gross features of the observed storm. Thus, the ability of the new scheme, and the effects of the three-moment method in simulating the various hydrometeor fields were examined. Because in situ microphysical measurements were not available but observations of maximum hail size were made, our comparison will focus on the hail field, including its maximum size and the hail swath. The evaluation of other hydrometeor fields will be based on comparison to documented microphysical observations obtained in other similar storms.
An overview of the selected case is provided in the following section. Section 3 describes the model used and the nesting strategy. The control simulation is validated in section 4. In section 5, the simulated hydrometeor fields are analyzed in detail and the overall skill of the three-moment microphysics scheme is evaluated. Concluding remarks are made in the final section.
Case description
The case selection was based mainly on the criterion that the storm track, storm structure, and the occurrence of large hail at the ground are sufficiently well-observed, as well as the availability of radar data. South-central Alberta, Canada (see Fig. 1 ), is one of the most highly prone regions in the world for severe hailstorms (Knight and Knight 2001) . Since 1996, Weather Modification Inc. (hereafter WMI) has run an operational hail suppression project during the summer months (Krauss 2000) . A C-band (5-cm wavelength) radar is located at the center of the project region at the Olds-Didsbury Airport (hereafter ODA; see Fig. 1 for location). Our case is the 14 July 2000 "Pine Lake" storm, which was a long-lasting supercell formed in the midafternoon over the foothills of southwestern Alberta (Fig. 1 ). It tracked eastward over a period of several hours and produced an F3 tornado (Joe and Dudley 2000) . There were several observations of large hail at the ground reported by members of the insurance industry (T. Krauss, WMI, 2000, personal communication) and eye witnesses. The storm was well observed by the ODA radar for several hours, including a period with golf ball to softball-sized hail at the ground. Figure 2 shows composites of the maximum reflectivity from the Carvel radar, located approximately 200 km north of the ODA radar, on 14 July 2000. By 2200 UTC (4:00 P.M. local time), several cells had formed along the foothills (Fig. 2a) . Two of these cells eventually developed into severe convective storms during the following few hours. The northern storm, located approximately 120 km slightly south of due west of the Carvel radar, tracked eastward toward Edmonton and was located approximated 50 km west of the radar at 0030 UTC 15 July (6:30 P.M. 14 July; Fig. 2b ). The Pine Lake storm was the southernmost storm depicted in Figs. 2a,b.
a. Main storm track and precipitation from the ODA radar
The ODA radar has a 3.2-m antenna, is tower mounted, and is enclosed in a radome (Krauss 2000) . The circular beamwidth is 1.65°. The peak power is 250 kW with a minimum detectable signal of Ϫ105 dB m, corresponding approximately to 10 dBZ at 100-km range. The radar had been last calibrated on 7 July 2000, one week prior to the storm. Precipitation inferred from the radar (Fig. 3) was computed using reflectivity at 1 km AGL converted to instantaneous rain rates (R) using an assumed Marshall-Palmer drop size distribution with the reflectivity-to-rain-rate relation Z ϭ 200R 1.6 . The Pine Lake storm was tracked from the time of its first echo at approximately 2030 UTC (2:30 P.M.) to 0300 UTC (9:00 P.M.) 15 July when it moved eastward beyond the range of the radar display. Prior to 2330 UTC 14 July, the storm moved in a northeasterly direction at a speed of 15 km h
Ϫ1
. After this time, the storm changed direction and speed and propagated in an easterly direction, 40°to the right of the general motion of the storms in the vicinity (Joe and Dudley 2000) with a speed of 55 km h
. The storm spawned an F3 tornado that touched down near the Pine Lake campground, located approximately 20 km southeast of Red Deer (Fig. 1) , just before 0100 UTC (7:00 P.M.) 15 July. Figure 3 shows the accumulated precipitation from 0600 UTC 14 July to 0527 UTC 15 July. Over areas of tens of square kilometers, precipitation amounts of between 25 and 30 mm are indicated, with peak values over 30 mm and one pixel exceeding 40 mm. Note that there are many complications involved in quantitative radar estimation of precipitation, including the specification of a reflectivity-to-rain-rate relation based on an assumed drop size distribution and the extrapolation from the lowest observed elevation to the ground (Lee 2003) . Therefore precipitation amounts inferred from any radar measurements should not be taken as the exact truth, but rather as an estimate. From Fig. 3 one can also infer the path of the Pine Lake storm since it was responsible for most of the accumulated precipitation. Figure 4 shows the composite of the maximum vertically integrated liquid water (VIL) from 1200 UTC 14 July to 0200 UTC 15 July computed from the ODA radar reflectivity. The VIL density field is often used as a surrogate for the presence of large hail (Amburn and Wolf 1997) . Experience indicates that VIL values greater than 27 kg m Ϫ2 generally represent approximately a 50% chance of golf ball-sized hail at the ground (T. Krauss 2000, personal communication) . By comparing the storm track and the VIL values greater than 27 kg m
b. Evidence of hail

Ϫ2
, it can be inferred that large hail was likely arriving at the ground from ϳ2345 to 0015 UTC (5:45 to 6:15 P.M.). After this period there was a lull in the precipitation of large hail at the surface until ϳ0045 UTC (6:45 P.M.) when there was continuous and widespread large hail to 0200 UTC (8:00 P.M.) and beyond (not shown). This radar estimate of large hail at the surface is supported by the many reports of golf ballsized hail between 0100 and 0200 UTC (7:00 and 8:00 P.M.), when the tornado was at the ground (Joe and Dudley 2000) . Insurance companies investigating crop insurance claims also reported medium to heavy hail damage over a large area from grape-to softball-sized hail near the town of Stettler, approximately 70 km east of Red Deer, when the storm passed over at approximately 0200 UTC (T. Krauss 2000, personal communication) .
A potential complication that exists for this case selection is that the Pine Lake storm had been seeded prior to 2345 UTC with the purpose of reducing the hail sizes (Krauss 2000) . There was no inclusion of the effects of cloud seeding in the model and the effects that the seeding had on the observed hail sizes or the dynamics of the real storm are unknown. In all likelihood, actual differences between the hydrometeor fields of the simulated storm and those of the observed stormwhich are unknown given the lack of in situ observations-are much greater than differences between a seeded and unseeded supercell, though the latter is impossible to determine for a real supercell since all storms are different. It will be shown below that the model simulates a storm that is very similar in overall structure of the observed storm and produces realistic microphysical fields, including large hail at the ground at approximately the same time and location as the real storm. While we make no claim either way as to the effectiveness of cloud seeding in reducing hail sizes, it is unlikely that neglecting this aspect of the case will interfere with the conclusions drawn in this paper regarding the overall skill of the microphysics scheme.
Model description and nesting strategy
The simulations were performed using the Canadian Mesoscale Compressible Community Model (MC2), which is a fully compressible, nonhydrostatic, limitedarea model capable of one-way self-nesting. Interested readers are referred to Benoit et al. (1997) for a complete description of the MC2 dynamics and Mailhot et al. (1998) for a complete description of the MC2 phys- ics. A triply nested simulation was performed, with the outer, middle, and inner domains having horizontal grid spacings of 12, 3, and 1 km, respectively. Initial conditions and six-hourly boundary conditions for the 12-km run were supplied by the Canadian Meteorological Centre (CMC) analysis system (Chouinard et al. 1994) based on the regional configuration of the Global Environmental Multiscale (GEM) model (Côté et al. 1998 ) on a 24-km Northern Hemispheric polarstereographic grid true at 60°N.
The grid configuration is shown in Fig. 1 . The 12-km simulation was initialized at 1200 UTC 14 July 2000 and run for 18 h. The 3-km run was run for 13 h starting at 1700 UTC 14 July with boundary conditions supplied every 1 h from the 12-km run. The 1-km run was started at 2000 UTC 14 July with boundary conditions supplied every 1 h from the 3-km simulation and was run for 6 h. Vertical motion fields generated from the 12-and 3-km runs were included in the initial conditions for the 3-and 1-km runs, respectively, to reduce model spinup times. The model settings for each configuration of the nested run are summarized in appendix A.
The 1-km control simulation, which is examined in detail in the following section, used the three-moment version of the microphysics scheme described in Part II and is hereafter referred to as CNTR. The duration of the CNTR simulation, from 2000 UTC (2:00 P.M.) 14 July to 0200 UTC (8:00 P.M.) 15 July, covered the period before the first echo of the observed storm, the period of accumulation of large hail at the ground between ϳ5:45 to 6:15 P.M., the time of the touchdown of the tornado (ϳ7:00 P.M.), and 1 h beyond.
Thermodynamic structure
Before examining the storm itself, we turn our attention to the mesoscale environment in the simulation. Unfortunately, the nearest sounding site was at WSE (Stony Plain, Alberta), collocated with the Carvel radar site (see Fig. 1 ). It was located more than 100 km north of the Pine Lake storm track thus making direct comparison of prestorm model soundings to observed soundings impossible. The simulated thermodynamic structure near the model storm on the 1-km grid was, however, consistent with the observed supercell. Figure  5 hodograph at the location where the storm passed half an hour later (Fig. 1 ). Though held in check by some low-level convective inhibition (CIN), there was approximately 1430 J kg Ϫ1 of convective available potential energy (CAPE) and the sounding was thus conducive for deep convection. Also, the wind shear vector of the sounding veered with height, which is favorable for the development of a right-moving supercell (Weisman and Klemp 1984) . However, the magnitude of the wind shear vector between the surface and 400 hPa was on the order of 20 m s
Ϫ1
, which is considered to be barely sufficient to support supercell development (e.g., Weisman and Klemp 1984) . This becomes relevant in Part IV, where one of the sensitivity runs (SM_A) had a much stronger cold pool and the resulting storm was more multicellular in nature.
Comparison of control simulation to radar observations
To investigate the effects of the microphysics scheme, it is necessary to first demonstrate that the gross features of the observed storm were realistically simulated. This is accomplished through comparisons with the available radar observations.
a. Storm track, intensity, and precipitation
1) STORM TRACK
At 2200 UTC, the Carvel radar depicted several convective cells along the foothills (Fig. 2a) . The Pine Lake storm developed from the southernmost cell, delineated by the large echo south of the radar site (Fig. 2b) . In the 1-km simulation, two major cells also formed along the foothills 1 h into the integration (2100 UTC). These cells tracked northeastward, as indicated by the accumulated precipitation pattern depicted in Fig. 6a . In the modeled storm, the southern cell was the most coherent over a long period of time. As shown below, its structure closely matched that of the Pine Lake storm observed by radar. Therefore, we will validate the modeled southern storm against the Pine Lake storm, despite the fact that the track of the southern cell in the simulation is displaced southward of the Pine Lake storm track. Hereafter, the southern cell in the 1-km run will be referred to as the CNTR storm. The locations of the CNTR storm every 30 min, identified by the maximum surface precipitation rates, are indicated in the inset of Fig. 1 . The instantaneous precipitation rate of the storm at 5:30 P.M. is also shown. It can be inferred from Figs. 3 and 6 that the propagation direction of the model storm had a distinct northward bias relative to the observed storm, which moved nearly due east. This is consistent with the difference in the steering level flow between the model and the analysis. For example, at 0000 UTC 15 July the 700-hPa winds in the 1-km run have a distinct northward bias in the interior of the domain as well as along the northern and southern boundaries compared to the CMC regional analysis (not shown). Despite this, the dynamics for the propagation of the observed and simulated storm were similar; both moved to the right of the steering level winds and at similar speeds. The propagation speed of the model storm, from the time of its intensification (see below) to the end of the simulation (8:00 P.M.), was between 48 and 52 km h Ϫ1 . Similarly, the observed storm tracked at a speed between 46 and 52 km h Ϫ1 from 6:00 to 8:00 P.M.
2) UPDRAFT INTENSITY
The timing of the rapid intensification period of the simulated and observed storms was similar. The maximum updraft speeds for the CNTR storm are plotted every 15 min in Fig. 7a . After it first appeared as an identifiable entity at a simulation time of 1:00 h (3:00 P.M.), it developed gradually for the first 1.5 h. At 2:30 h (4:30 P.M.) the storm rapidly intensified as the updraft speed increased from 13 to 26 m s Ϫ1 over 15 min. The updraft speed reached 31 m s Ϫ1 by 3:15 h (5:15 P.M.) and remained higher than 25 m s Ϫ1 for the duration of the simulation, peaking at 33 m s Ϫ1 at 5:30 h (7:30 P.M.). The level of maximum updraft (not shown) increased/ decreased with an increase/decrease in the updraft strength and was at 350 hPa at 5:30 h (7:30 P.M.). Even though direct measurements of vertical velocity in the Pine Lake storm were not made, the ODA radar observations did indicate that the storm developed quickly between 4:00 and 4:30 P.M. and had an echo-top height of 9.5 km at 4:30 P.M. (not shown). The echo top reached 14.5 km at 6:30 and at 8:30 P.M.
The expected maximum updraft speed, w max , based on the prestorm environment can be estimated from the model sounding in Fig. 5 . Using the value of 1430 J kg Ϫ1 for CAPE and the relation w max ϭ ͌2 ϫ CAPE, the maximum updraft speed turns out to be 53 m s Ϫ1 . This value is nearly double that of 29 m s Ϫ1 in CNTR at 5:30 P.M. when the storm passed over that location (Fig. 7a) , which is consistent with the rule of thumb that parcel theory overestimates w max by a factor of up to two due to the neglecting the effects of the vertical pressure gradient force, condensate loading, and mixing of ambient air (Bluestein 1993) .
3) PRECIPITATION Figure 7b shows the instantaneous maximum precipitation rates for the liquid, solid, and total precipitation at the surface every 15 min. These rates need not occur at the same point. The modeled precipitation rate increased rapidly over a short period 3:00-3:15 h (5:00-5:15 P.M.). All the rates peaked at 3:45 h when the maximum total, liquid, and solid precipitation rates were 185, 166, and 87 mm h Ϫ1 respectively. Except for the brief dip at 3:30 h, the storm had a period of intense hail precipitation from approximately 3:15-4:15 h (5:15-6:15 P.M.), when the rate exceeding 50 mm h Ϫ1 . After 4:15 h the solid precipitation rate dropped off but maintained values near 30 mm h Ϫ1 for the rest of the simulation. The total and liquid precipitation rates, after reaching their peak values, remain high (in the vicinity of 140 mm h Ϫ1 ) for the remainder of the run. The accumulated total, liquid, and solid precipitation amounts for the duration of the simulation are shown in Fig. 6 . Except for the displacement in location, the pattern and quantity of the total accumulated precipitation from the CNTR storm were quite close to the radarinferred precipitation pattern in Fig. 3 . The north-tosouth width of the simulated precipitation track, enclosed by the 5-mm contour, at the location of the storm at 6:00 P.M. (see Fig. 3 ) was approximately 20 km. In comparison, the observed width at the location of the actual storm at 6:00 P.M. was about 25 km (Fig. 3) . There was also a narrow band of simulated total accumulated precipitation exceeding 20 mm with a peak value of 33 mm in Fig. 6a . Similarly, the radar precipitation pattern had patches with amounts between 25 and 30 mm, and a peak value between 40 and 50 mm at one point ϳ45 km north of ODA.
The spatial distribution of the accumulated melted equivalent solid precipitation (hail) at the surface from the CNTR storm (Fig. 6c) corresponds reasonably well to the hail from the observed storm, as inferred from the composite of maximum VIL from the ODA radar (Fig. 4) , to approximately 7:00 P.M. The CNTR storm produced a narrow band of accumulated hail (Fig. 6c ) greater than 6 mm over an area 1-4 km wide (northsouth) and 20 km long (east-west), with a peak value of 10 mm, 3:45-5:15 h (5:45-6:15 P.M.). Similarly, the maximum VIL field (Fig. 4) indicates that the Pine Lake storm produced large hail at the ground over an area approximately 5 km wide and 18 km long, located ϳ50 km north of the radar site, between 5:30 and 6:00 P.M. For both the CNTR and the observed storms, the 30 min periods of heavy hail precipitation were followed by periods of reduced hail fall, as indicated for CNTR by the accumulated solid precipitation values less than 2 mm east of the Ͼ6-mm band ( (Fig. 4) . The observed storm had a pronounced increase in the precipitation of large hail after approximately 6:45 P.M. The model, however, failed to simulate this reintensification, except for a slight increase in the solid precipitation after 7:15 P.M., indicated by the small patches with values slightly larger than 2 mm. Figure 8 shows snapshots of the composite of maximum reflectivity in a column together with vertical cross sections of the reflectivity from the ODA radar. At 5:47 P.M. (Fig. 8a) there was a large region with high reflectivity values (Ͼ50 dBZ ) overlying weaker values below, indicating the presence of suspended hail aloft. There was also a distinct bounded weak echo region (BWER) just ahead (relative to the storm motion) of a high reflectivity core that reached the ground. This observation suggests the presence of a hail shaft behind the updraft core. Similar comments also apply at 6:30 P.M. (Fig. 8b) , when a distinct weak echo region (WER) and radar overhang are clearly evident.
b. Storm structure
For a quantitative evaluation, the total equivalent reflectivity (Z e ) was computed as the sum of the equivalent reflectivities [Z ex ; see (7) in Part I] for each hydrometeor category x (except cloud):
͑2͒ Figure 9 indicates that the modeled storm also had suspended high values of Z e aloft over a WER and a core of high reflectivity along the left (upshear) side of the storm reaching the ground. Core Z e values from the model were 50-60 dBZ. Maximum values Ͼ55 dBZ were found between 600 and 350 hPa at 5:45 P.M. (Fig.  9a) and Ͼ60 dBZ at 6:30 P.M. (Fig. 9b) . For the observed storm, core values were in the range 51-54 dBZ at both times (Fig. 8) . Near the surface, Z e reached 54-57 dBZ at 5:47 P.M. (Fig. 8a ) and 60-65 dBZ at 6:48 P.M. (not shown). Figure 10a shows a 2-km constant-altitude plan position indicator (CAPPI) from the ODA radar at 0030 UTC (6:30 P.M.). The corresponding Z e map from CNTR at 700 hPa (approximately 2 km AGL) together with mass contents for hail and rain at 4:15 h (6:15 P.M.) are displayed in Fig. 10b . The radar picture shows a distinct hook echo, which is a classic signature of a mesocyclone (e.g., Lemon and Doswell 1979) . Similarly, the CNTR storm exhibits a hooklike pattern in the Z e field due to the wrap-around of hail as it falls through a rotating updraft core. Doppler velocity measurements from the Carvel radar at this time had a clear rotating mesocyclone signature thus the storm was classified as a supercell (Joe and Dudley 2000) . Likewise, the model winds at 700 hPa (ϳ2 km AGL) in the vicinity of the storm at 4:30 h (6:30 P.M.) indicate the presence of a mesocyclone (Fig. 10c) .
Analysis of microphysical fields
From comparison of the CNTR simulation with the radar observations at approximately the same times, it was shown that the simulated and the observed storms are similar in a number of aspects. They include suspended high-reflectivity values above a WER, an upshear reflectivity core, a low-level hook echo, and a mesocyclone, all with similar spatial scales. The simulated storm also had a similar propagation speed and direction (relative to the main flow). Both the CNTR and observed storms thus fit the description of a high precipitation (HP) supercell (e.g., Rasmussen and Straka 1998) . Since the gross features of the simulated storm compare quite favorably to the radar observations up to 7:00 P.M., we can have confidence that the growth environment for hydrometeor within the storm is realistic. Thus, we can proceed to analyze the microphysical fields in the CNTR storm in order to evaluate the three-moment scheme. In this section, the structure and values of the simulated hydrometeor fields are examined and the capacity of the scheme to simulate the maximum hail sizes is investigated.
a. Simulated hydrometeor fields
The predicted equivalent reflectivity (Z ex ), mass content (Q x ), total number concentration (N Tx ), and massweighted mean diameter (D mx ) for each hydrometeor category x are examined at 4:30 h (6:30 P.M.), a time when the storm was vigorous and well-developed (see Figs. 8b and 9b) . Vertical cross sections for each variable are shown in Figs. 11-14 . The cross sections cut through the high-precipitation core, the updraft core, and the downshear anvil (see Fig. 9b ). Locations in kilometers refer to distances from the origin.
The storm-relative horizontal winds along the plane of the cross section at the updraft core, the updraft velocity, and Z e are indicated in Fig. 11a . The major contribution of the high Z e values aloft was from hail (Fig. 11f) while both hail and rain contributed substantially to the Z e below 700 hPa (Figs. 11c,f) . In the precipitation region downshear of the main updraft from 40 to 65 km, hail melted to rain and caused an increase in Z e below the 0°C isotherm at approximate 700 hPa. The values of Z es ranged from Ϫ5 to Ϫ15 dBZ while Z ei values were on the order of Ϫ31 dBZ. In other regions of the storm, such as along the rear left flank, Z es values of up to 15 dBZ were present at that time (not shown).
The mass distribution of each hydrometeor is depicted in Fig. 12 . The peak total condensed mass content was approximately 6.8 g m Ϫ3 at 600 hPa and ϳ30 km, most of which was from hail (Fig. 12f) . Note that there was a local minimum in the cloud water content at ϳ30 km as a result of the growth of hail by accretion (Fig. 12a) . Most of the hail mass was concentrated aloft and to the upshear side of the main updraft, with peak values Ͼ4 g m
Ϫ3
. Some hail mass was also transported downwind of the updraft, with mass contents Ͻ1 g m Ϫ3 .
The total number concentrations for each category are shown in Fig. 13 . The highest values of raindrop number concentrations (N Tr ) were found near the top of the rain shaft (Fig. 13b) . The majority of the rain at these levels originated as melted hail and/or liquid drops shed during wet hail growth. Peak N Tr values were around 10 3 m
. Peak number concentrations of ice and snow (Figs. 13c,d) were on the order of 10 8 and 10 5 m Ϫ3 , respectively, located above the convective core. Unlike the hail mass distribution, the number distribution for hail was biased toward the downshear side of the updraft. Hail with large number concentrations and small mean sizes (this includes frozen drops) and hence small fall velocities was carried upward in the updraft and ejected downwind into the anvil.
The mass-weighted mean diameters, computed from Q x and N Tx [Eq. (10) ϳ0.1 to 1.0 mm. At the surface in the convective core region they were as large as 3 mm, increasing in mean size with decreasing height due to accretion of cloud water and size sorting. Most of the graupel had mean diameters from 0.2 to 0.4 mm but with maximum mean sizes of 1.2 mm at the lowest levels. The mean hail diameter in the updraft core where N Th was at a maximum, at ϳ450 hPa and 35 km, was slightly less than 1.0 mm while just upshear in the HGZ, D mh was ϳ1.0-4.3 mm. The maximum D mh value at this time was 18.4 mm, located at 775 hPa and ϳ35 km, while the maximum size at the ground was 6.1 mm.
b. Comparison with observations of hydrometeor properties in other storms
Observations of hydrometeor quantities such as number concentrations and particle sizes were not made for this particular storm. We therefore resort to published microphysical measurements in other storms to determine if the values in CNTR are reasonable. Note that in situ hydrometeor measurements in supercells are uncommon. Huan (1963) showed that in a continental cumulus with liquid water contents in the range 0.2-3.0 g m Ϫ3 , cloud droplet number concentrations ranged from 2 to 6 ϫ 10 8 m Ϫ3 and droplet diameters ranged between 5 and 30 m. Uijlenhoet et al. (2003) measured raindrop size distributions at the surface during various stages of a continental squall line and reported that in the convective region, total number concentrations ranged from ϳ120 to 1000 m
Ϫ3
, mean diameters spanned 0.5 to 1.7 mm, and rain rates are 10-100 mm h
Ϫ1
. Measurements of ice crystal number concentrations indicate considerable variability from cloud to cloud but in general, the number of pristine ice crystals increases with decreasing temperature (e.g., Fletcher 1962) . For the updraft regions of convective complexes over Montana, Hobbs et al. (1980) ), storm-relative horizontal wind velocities at updraft core, and total equivalent reflectivity, Z e ; (b) total equivalent reflectivity; equivalent reflectivity of (c) rain; (d) ice plus snow; (e) graupel; and (f) hail from CNTR at 4:30 h (0030 UTC). All contour and shading intervals for reflectivities are 10 dBZ. , respectively, inside a cirrostratus at levels between 580 and 380 hPa. Snow size spectra for wintertime snow storms observed over northern Colorado had mean sizes on the order of 100-300 m (Rauber 1987) . Locatelli and Hobbs (1974) measured graupel diameters between 0.5 and 3.0 mm with densities of 0.05-0.45 g cm Ϫ3 from winter storms in the Cascade Mountains. List (1958) reported graupel measurements from showers in Switzerland with 0.5-6.0 mm diameters and densities of 0.5-0.6 g cm
Ϫ3
. From hailstone samples at the surface from several severe Alberta hailstorms, Cheng and English (1983) reported mean values of the total hail number concentrations and mean mass hailstone diameters, respectively, of 0.69 m Ϫ3 and 8.3 mm with ranges of 0.02-4.18 m Ϫ3 and 5.9-13.2 mm.
It is recognized that this comparison of the CNTR simulation with microphysical observations from other studies mentioned above does not constitute a rigorous validation of the microphysics scheme and it is certainly not our intention to show that the values of the specific hydrometeor fields have been reproduced. Ideally, comparison should be performed for cases with in situ microphysical observations to validate and calibrate the parameterizations. However, as a first test of the new scheme in a mesoscale model, our results do show that the range of values simulated for hydrometeor sizes and number concentrations conform to the orders of magnitude of observations in other similar storms. This gives credence to the scheme and the way that the hydrometeor spectrum was partitioned into the respective categories. Application of this scheme to the simulation of an orographic snowstorm with in situ microphysical measurements is underway and will be reported in the future.
c. Particle size distributions and related aspects
The independent prediction of three moments of each sedimenting category implies a greater range of possible size distributions and allows realistic simulation of maximum particle sizes with a bulk scheme. The following discussion is confined to hail and rain but applies also to ice, snow, and graupel categories.
1) SIMULATION OF MAXIMUM HAIL SIZES
We examine the hail size distributions in CNTR and the simulated maximum hailstone sizes. Since the hail category in the microphysics scheme can include small frozen droplets as well as large hail, the size spectrum can be broad. The mean hail diameter is therefore not a good indicator of the presence or absence of large hail and other parameters must be sought.
Strictly speaking, the maximum size in a complete gamma function is infinite. However, two parameters can be defined to identify the implicit maximum hail sizes in a bulk scheme. The first parameter is N* h {D*}, which is the total number concentration of particles larger than a particular size D* in the size distribution
͑3͒ Figure 15 shows two distributions with the same meanmass diameter (D mh ). It is obvious that N* h {D*}, the area 1 under the curve to the right of D*, is much larger for the distribution depicted by the dark curve. If a particular distribution with a value of N* h that has a higher probability of being physically observable, we say that a significant concentration of hail larger than D* is present. For example, a concentration of 1 m Ϫ3 is physically observable but a concentration of 1 ϫ 10 Ϫ12 m
Ϫ3
1 Strictly speaking, the area under the curves in Fig. 15 for D Ͼ D* would only be proportional to N*{D*} on a linear-linear plot. The plot in the figure is semilogarithmic. Fig. 12 but for total number concentration, N Tx (logarithmic scale).
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(1 per 1000 km 3 ) is not. To define a specific threshold to delineate significant from insignificant concentrations is rather subjective. In this paper, a threshold value of N* CRIT ϭ 10 Ϫ4 m Ϫ3 is adopted. A second parameter is more appropriate at the surface. Here, we consider the flux of large hail and define the parameter, R* h , as
where N* h {D*} is given by (3) and V h (D*) is the terminal fall velocity at the surface for a hailstone with diameter D*; R* h represents the rate at which hail larger than D* would arrive at the surface over a given area. It is proposed that a threshold value of R* CRIT equal to 10 Ϫ3 m Ϫ2 s
Ϫ1
, or one large hailstone per ten square meters every one hundred seconds, is a reasonable threshold to delineate significant (i.e., physically observable) from negligible quantities of hail in a given size range reaching the ground. Note that this value of R* CRIT is consistent with the adopted value of N* CRIT for a terminal fall speed of 10 m s
. It may be possible to specify a threshold more objectively using data from hail pads or other forms of in situ measurements of surface hail. While these two parameters are similar, they have slightly different applications. The N* h parameter is useful for identifying the instantaneous number concentration of large hail aloft. However, a given value of N* h will have different flux values for different sizes since large hailstones fall faster than smaller ones. Thus, to infer if a significant quantity of hail larger than a given size is arriving at the surface, R* h is more appropriate.
In the CNTR storm, the maximum rate of hail precipitation at the surface occurred at 5:45 P.M. (3:45 h; Fig. 7b ). Figure 16a shows a 700-hPa cross section of Q h and N* h {1 cm} through the convective core. The vertical cross section along the indicated path is shown in Fig.  16b . Note that the maximum values of Q h , and N* h {1 cm}, both at 700 hPa and at 900 hPa (approximately at the surface) were not collocated. At 700 hPa the peak N* h {1 cm} was closer than the peak Q h to the updraft core (not shown). Figure 17 shows vertical cross sections, along the same path, of N* h {1 cm}, N* h {2 cm}, and D mh . The maximum value of N* h {1 cm} in the storm was 1.46 m Ϫ3 and was found at 700 hPa (Fig. 16a) . The peak N* h {2 cm} had a value of 7.06 ϫ 10 Ϫ3 m Ϫ3 at 775 hPa. It was located closer to the updraft core than the peak N* h {1 cm}, and also in close proximity to the maximum D mh . The maximum value of N* h {3 cm} (not shown) was 4.0 ϫ 10 Ϫ5 m Ϫ3 at 775 hPa. Therefore, according to the proposed critical threshold, there was a significant concentration of hail larger than 2 cm but an insignificant concentration of hail larger than 3 cm. Thus, the maximum hail diameter aloft in the storm at that time was 2-3 cm.
The maximum near-surface (900 hPa) values of N* h for D* of 1, 2, and 3 cm (which correspond approximately to grape-sized, walnut-sized, and golf ball-sized hail, 2 respectively) were 5.70 ϫ 10
, 2.92 ϫ 10
Ϫ3
, and 1.35 ϫ 10 Ϫ5 m
, respectively. The terminal fall velocities for these hail sizes, derived from the fall velocity relationship of (A1) in Part I, are respectively 11, 17, and 22 m s Ϫ1 at the surface. The R* h values for these sizes are 6.27 ϫ 10 0 , 5.0 ϫ 10 Ϫ2 , and 2.3 ϫ 10 Ϫ4 m Ϫ2 s
Ϫ1
and they are found in the same location. Thus, according to the proposed R* CRIT value of 10 Ϫ3 m Ϫ2 s
, a significant quantity of grape-sized and walnut-sized hail was arriving at the surface, but the quantity of golf ball-sized hail was insignificant. Hence, the maximum hail size at the ground simulated by the model was 2-3 cm in diameter. Note also that the D mh at that location was 3.4 mm, which by itself indicates nothing about the presence or absence of large hail. Whether the claim of the simulated hail sizes is correct depends on the validity of the assumed value of R* CRIT . Consider the physical implication of the flux values. The R* h {1 cm} value of 6.27 ϫ 10 0 m Ϫ2 s Ϫ1 means that an observer would actually count six hailstones that are grape-sized or larger falling over a 1 m 2 area every second. This quantity certainly has a significant physical meaning in terms of the simulated hail fall. By similar reasoning, one can see that value of R* h {2 cm} implies a physically observable flux of walnut-sized or larger hailstones at the surface while the R* h {3 cm} value implies a flux of golf ball-sized or larger hail that is negligible. Thus, the chosen value of R* CRIT of 10 Ϫ3 m Ϫ2 s Ϫ1 , while subjective, is reasonable. Although N* h and R* h can be computed for a bulk scheme with any number of predicted moments, if hail is restricted to an inverse-exponential distributioneither in a one-moment scheme or a two-moment scheme with a spectral shape parameter for hail ␣ h fixed at 0-the values of these parameters can be unrealistically large since they are greatly affected by the tail of the distribution. Further, for a one-moment scheme, these parameters are monotonically related to D mh . It must be emphasized that there is only added value to the identification of large hail using N* h and R* h , or large particles from other hydrometeor categories using the same approach, if the size distribution is adequately represented in the scheme, as with the threemoment method.
2) HAIL SIZE DISTRIBUTIONS
The size distributions of hail at various points in the storm at 5:45 P.M., mainly in the vicinity of the main FIG. 18 . Hail size distributions (HSD) from CNTR at 3:45 h corresponding to the locations indicated in Fig. 16b at (a) 350, (b) 500, (c) 700, and (d) 900 hPa. The numbers of each HSD in the legends of each panel refer to the particular locations in Fig. 16b , counting from the left on the corresponding level. For example, HSD 2 in (b) refers to the second location from the left at 500 hPa in Fig. 16b . TABLE 1. Selected HSD quantities at 700 hPa for the size distributions in Fig. 18b . updraft, are shown in Fig. 18 . The location of each point is indicated in Fig. 16b . High in the storm at 350 hPa (Fig. 18a) , ␣ h ϭ 0 and these curves are inverse exponentials with small mean diameters (0.7-1.1 mm) and correspondingly steep slopes. 3 At 500 hPa (Fig. 18b ) most of the distributions have larger mean sizes (0.7-3.4 mm) and ␣ h is not zero at all locations. There is greater variability in the shape of the distributions at 700 and 900 hPa (Figs. 18c,d ) as well as a wide range of mean sizes, 1.5-7.5 mm at 700 hPa and 1.5-5.5 mm at 900 hPa.
Relative to a scheme that prognoses one or two parameters, the three-moment scheme naturally yields distributions with more variability and more useful information about the size spectra can be extracted. To illustrate, we summarize in Table 1 the values D mh , N* h {1 cm}, N* h {2 cm}, and N* h {3 cm} for hail distributions 2, 3, and 5 at 700 hPa depicted in Fig.  18c . Distributions 2 and 5 have very similar reflectivities (60.5 and 59.2 dBZ, respectively) but the mass contents (4.62 and 1.33 g m
Ϫ3
) and total number concen-3 A semilogarithmic plot of an inverse-exponential size distribution is a straight line where is the slope and is inversely proportional to the mean diameter. ) lies between those of the other two distributions but since N Th is so much larger (9800 m Ϫ3 ), the particles are concentrated at the smaller diameters and thus Z eh , D mh , and the N* h values are smaller. Although N* h {1 cm} is larger for distribution 2 than for distribution 5, N* h {2 cm} is much higher for distribution 5 than for distribution 2. Thus, there are more walnut-sized hailstones in distribution 5 even though there are more grape-sized hailstones in distribution 2. This is because the larger value of ␣ h for distribution 5 causes a spectral shift of the distribution toward larger sizes. Figure 19 shows vertical profiles of Q h , D mh , ␣ h , N* h {1 cm}, and N* h {2 cm} at the locations indicated by the squares in Fig. 16a . Most profiles were located in the vicinity of the convective core with a few downwind of the core. Inspection of the profiles shows that while there is some positive correlation between N* h {1 cm}, N* h {2 cm}, and D mh , this was not always the case. This illustrates further that N* h , not D mh , should be used as an indication for the presence or absence of large hail. Moreover, N* h {1 cm} and N* h {2 cm} were not always positively correlated, indicating that the presence of appreciable number of grape-sized hail does not necessarily imply an appreciable concentration of walnut-sized hail, and vice versa.
3) VERTICAL PROFILES OF SELECTED HAIL PARAMETERS
Size-sorting, as discussed in Part I, was evident in most of the profiles as the values of D m and ␣ often increased with decreasing elevation. Similar to the 1D calculations of pure sedimentation in Part I, there was a distinct positive correlation between D m and ␣ in many locations in most of the profiles. However, these quantities were not monotonically related. For example, for a D m value of 3 mm, ␣ had values of ϳ0.0 (profiles A and C), ϳ0.5 (profiles B and D), ϳ2.0 (profile G), and ϳ3.0 (profile H). Nevertheless, the strong positive correlation between D m and ␣ exhibited in these profiles illustrates the appropriateness of the diagnostic equations for ␣ ϭ f (D m ) in a two-moment scheme, which were introduced in Part I and will be examined further in Part IV. Note that there is a typographical error in Eq. (A7) in Part I for the reflectivityweighted bulk fall velocity; the correction appears in appendix B.
In all of the profiles in Fig. 19 ␣ h was exactly zero at the upper layers, usually at levels above and below regions with ␣ h Ͼ 0 (profiles E and F). By design, the minimum allowable value of ␣ h in the scheme is 0 (see Part II). The Z h tendency equations for hail initiation, from conversion of graupel and freezing of rain, are formulated based on prescribed, positive nonzero values of ␣ h . Therefore in regions where ␣ h ϭ 0 in Fig. 19 , there were evidently negative tendencies in deep layers, forcing ␣ h toward its minimum allowable value. None of the individual source/sink terms in the current scheme are formulated to reduce the value of ␣ h and the profiles in Fig. 7 of Part I indicated that pure sedimentation tends to increase the value of ␣ h . What, therefore, can cause ␣ x to decrease in a three-moment scheme?
The answer is threefold. First, recall the derivation of Z as a function of Q, N T , and ␣ [Eq. (6) in Part II]. The equation can be rearranged in the form
where c is the mass constant for the hydrometeor category, G ϭ G(␣), and the subscript x for the category has been dropped. Note that G(␣) is a monotonically decreasing function of ␣. Differentiating (5) with respect to time yields
Consider pure advection with no microphysical sources/ sinks and no sedimentation. The 1D advection/divergence equations for each of the moments Q, N T , and Z are:
Substituting (7) into (6) and simplifying gives Thus upward motion (positive w), for example, in a profile where G decreases (␣ increases) with height will cause a local increase in G and thus a decrease in ␣. Therefore, advection of the predicted moments in a three-moment scheme can result in local changes in ␣ in certain circumstances-␣ will decrease (increase) locally with time due to advection if ␣ increases (decreases) in space along the direction of the velocity vector, which need not be in the vertical. Second, microphysical source/sink terms can result in an abrupt decrease in ␣ at a given point in one time step. For example, consider the case in which an existing population of hail is present at a grid point and in the next time step a small quantity of hail is added because of collisional freezing of ice and rain. The increase in hail mass (⌬Q) is the sum of the decrease in the masses of ice and rain. The increases in hail number concentration (⌬N T ) and reflectivity (⌬Z ) are given by (53) and (54) in Part II, respectively, where ␣ h ϭ 2 is prescribed to compute ⌬Z for the newly formed hail. The value of ␣ for the final spectrum is then determined by solving (6) in Part I using updated values for Q, N T , and Z.
A numerical example is summarized in Table 2 . Here is the time before the occurrence of collisional freezing. The ⌬ values are the changes due to the addition of new hail from collisional freezing when the new hail with ␣ ϭ 2.00 is the value the final hail spectrum would have if there were no hail present before-it is not added to ␣ . When a small spectrum of hail with ␣ ϭ 2.00 is added to an existing spectrum with ␣ ϭ 12.65, the resulting spectrum would have ␣ ϭ 0.10. Figure 20 illustrates the effect of adding two such spectra in a schematic way. The scheme attempts to represent two relatively narrow spectra, centered at different diameters, by a single gamma distribution. The final spectrum is thus broader, and ␣ is smaller, than either of the two component spectra.
Third, pure sedimentation can, in certain circumstances, lead to local decreases in ␣. This occurs especially where a narrow spectrum with large ␣ and a relatively large mean size is located above a narrow spectrum with a smaller mean size. The distribution with the larger mean size has faster weighted-mean fall velocities and thus can "catch up" to the other distribution during sedimentation. The resulting distribution will be the sum of the two spectra and have a smaller ␣. However, sedimentation tends to ultimately lead to increasing values of ␣. Thus, most of the profiles in Fig. 19 exhibit deep layers aloft with ␣ h ϭ 0 but with ␣ h increasing with decreasing height (similar to D mh ) below, FIG. 20 . Hail size distributions resulting from the addition of hail formed from collisional freezing of ice and rain. The distribution indicated by is for the initial hail spectrum; the distribution indicated by ⌬ is for the portion of newly formed hail; the distribution indicated by ϩ ⌬ is for the resulting spectrum. where there has been sufficient time for sedimentation to dominate over the other processes that affect ␣ h .
4) VERTICAL PROFILES OF SELECTED RAIN
PARAMETERS
Although the preceding discussion focused on hail, all of the above comments regarding changes to the shape parameter apply to all hydrometeor categories for which three moments are predicted (i.e., all categories except cloud). Considering the importance of the raindrop size distributions for precipitation rates in general, some mention of the simulated rain field in this study is warranted. Figure 21 shows vertical profiles of ␣ r , D mr , and Q r at 5:45 P.M. at locations C, G, and I shown in Fig. 16a . In the convective core region (location C), rain extended as high as 600 hPa, although the 0°C isotherm was at approximately 650 hPa and hail does not begin to melt until the ambient temperature is above ϩ5°C (approximately 720 hPa). Rain above the ϩ5°C isotherm existed in the convective core due to shedding of hail undergoing wet growth and/or rain that formed from hail melting below being transported upward by the updraft. Precipitation reaching the surface as rain in this region originated mainly from relatively large hail (e.g., see Fig. 12 ). Far downwind in the anvil region, rain came from the melting of small hail and graupel. Note that in all of the profiles ␣ r Ն 2 everywhere, a constraint that is imposed in the scheme for rain (see Part II). Near the surface (i.e., at 900 hPa) at location C, mean-mass drop diameters were ϳ3.3 mm with ␣ r ϳ 4.3. The surface rainfall rate at this point was 131 mm h Ϫ1 , with a correspondingly large rain mass content (bearing in mind that the rainfall rate is computed from the mass flux of rain, which is dependent on all of the predicted moments). Just downwind of the convective core (location G) no rain was present above the level hail melts (ϳ750 hPa). The rainfall rate, as well as the rain mass content, was considerably lower at the surface there, with a value of 4 mm h
Ϫ1
, but the D mr and ␣ r value were similar to those in the convective core, being ϳ3.7 mm and ϳ4.0, respectively. Precipitation under the anvil (location I) had a rainfall rate of 3 mm h Ϫ1 with D mr and ␣ r values of ϳ1.9 mm and ϳ2.5, both notably lower than near the convective core. Note that these values are not mean values for particular regions, but instantaneous point values typical for those regions at that time.
There were no measured raindrop size distributions for the Pine Lake storm. However, Uijlenhoet et al. (2003) studied the variability of the raindrop size distribution parameters at the surface in a squall line. As the squall line passed over a point in northern Mississippi, drop size distributions at the surface were measured with a disdrometer and fit to a gamma distribution function of the form of (3) in Part I. From the temporal variability of the drop size spectra, the squall line was classified into a leading convective region characterized by large drop concentrations and large mean sizes (Ͼ1 mm), a transition region with similar concentrations and mean raindrop sizes between 0.6-0.9 mm, and a trailing stratiform region with similar number concentrations and slightly higher mean sizes as the transition region but with broader distributions. The mean values of the shape parameter for the three regions were found to be 2.11, 5.00, and 2.17, respectively.
It is not possible to draw a direct comparison between drop size distributions of a supercell thunderstorm and those of a squall line. However, it is reassuring to know that there is variability in the shape parameter when a gamma function is used to fit the observed raindrop size spectra at the surface. Furthermore, the range of the shape parameter for rain at the surface in CNTR at 3:45 h (ϳ2.5-4.3) was similar to the range of the mean values of the shape parameter in different regions of the observed squall line system (2.11-5.00).
Conclusions
The three-moment microphysics scheme described in Part II was interfaced with a mesoscale model and used to simulate the 14 July 2000 Pine Lake storm on a highresolution grid. The simulation was compared to observations from a nearby radar. The simulated supercell exhibited many of the same characteristics as the observed storm, such as the propagation speed and direction (with respect to the steering flow), storm structure-including a BWER, hook echo, mesocyclone, and a suspended overhang region-and observed values of radar reflectivity and surface precipitation. The magnitudes and spatial distributions of the various hydrometeor fields as well as the precipitation at the surface were thus examined and shown to be realistic. One of the obvious limitations of this study is that it is limited to a single case with no in situ microphysical observations. Nevertheless, the realism of the simulation indicates that the new scheme in the mesoscale model produces reasonable results overall. Application of this scheme to the simulation of an orographic snowstorm for which in situ microphysical measurements were available is underway and will be reported in the future.
The effects of the three-moment approach in improving the simulation of hydrometeor size distributions were explored by examining the simulated hail sizes and hail size spectra. For this case, it was argued that although the model storm failed to intensify after 7:00 pm (for reasons that did not appear to pertain to the microphysics scheme) the model did successfully capture the period of moderately intense hailfall between approximately 5:45 and 6:30 pm. By examining the hail distributions at the surface at that time, it was shown that the model simulated walnut-sized hail (2-3 cm in diameter) in reasonable agreement with observations of golf ball-sized hail from the observed storm. A single case of a simulation producing hail sizes close to the available observations is, of course, not proof that the scheme will behave with similar skill for other cases nor is the above discussion intended to advocate the immediate application of a new technique to forecast hail. The examination of hail sizes in this study illustrates two things. First, by predicting three independent moments of the hydrometeor size distribution, it is clear that a greater range of spectra is possible. This has potential usefulness to other applications in atmospheric modeling, including the improvement of radiative transfer calculations, which depend greatly on cloud optical properties and thus particle distributions. The use of bulk schemes that allow the relative dispersion of the size spectra to vary-either by the threemoment method or by the two-moment method with a diagnostic dispersion parameter, as proposed in Part I-should be further investigated. Second, the fact that the simulated maximum hail sizes were reasonable for this case illustrates the potential for improved hailstorm simulations using high-resolution 3D cloud-resolving models, where the use of bin-resolving (spectral) microphysics schemes such as that of Farley and Orville (1986) or Geresdi (1998) are computationally prohibitive. Given that hail sizes have an important effect on storm dynamics (e.g., van den Heever and Cotton 2004), a bulk scheme that can more accurately model the evolution of the hail size spectrum is an important tool in researching deep convective storms in which 3D circulations are important.
In Part IV of this study, sensitivity experiments will be performed using the various versions of the new microphysics scheme, with different numbers of predicted moments, to better understand how the added degrees of freedom affects the prediction of the hydrometeor size distributions, the precipitation, and the storm dynamics. Kain and Fritsch (1993) convective parameterization scheme (CPS; with w kLCL of 0.14 m s
Ϫ1
; cloud radius of 1500 m; cloud depth of 4000 m; time constant of 3600 s) • Kong and Yau (1997) 
